ABSTRACT
Two important problems of continental tectonics may be resolved by recognizing that most subduction zone backarcs have hot, thin, and weak lithospheres over considerable widths. These are (1) the origin of long-lived active mobile belts contrasted to the stability of cratons and platforms, (2) the origin of the heat of continental collision orogeny. At many continental margin plate boundaries, there are broad belts with a long history of distributed deformation. These regions are mobile because the lithosphere is sufficiently weak to be deformed by the forces developed at plate boundaries. We conclude that mobile belts are weak because they are hot, and they are hot as a consequence of their position in present or recent backarcs. Most continental backarcs have thin and hot lithospheres, not just those with active extension or rifting. Moho temperatures are 800-900 °C and lithosphere thicknesses are 50-60 km, compared to 400-500 °C and 150-300 km for cratons and other regions with a thermotectonic age greater than ca. 300 Ma. The temperature differences result in backarc lithospheres that are weaker than cratons by more than a factor of 10. Backarcs may be hot because shallow asthenosphere convection results from the reduction in viscosity due to water rising from the underlying subducting plate. Hot, weak, former backarcs are expected to be the locus of most deformation during continent or terrane collision orogeny. The heat indicated by orogenic plutonism, high grade metamorphism, and ductile deformation may come from the preexisting hot backarc lithosphere, not from the orogenic deformation process itself.
INTRODUCTION
The model of plate tectonics with narrow plate boundaries provides an excellent first order description of global tectonics. Plate tectonics also provides an elegant explanation for orogenic crustal shortening and thickening in terms of continental or terrane collision. However, a number of large-scale tectonic problems are not explained by the simple rigid plate and continental collision models. In this article, we present explanations for two such tectonic problems: the origin of long-lived active "mobile belts" that lie along a number of continental margin plate boundaries, contrasted to the stability of cratons and platforms, and the origin of the heat of continental collision orogeny. Current mobile belts are up to 1000 km wide and cover nearly a quarter of the continents (e.g., Stein and Freymueller, 2002; Thatcher, 2003) . For example, the North American Cordillera has been tectonically active for >180 m.y., with evidence for older tectonic events extending this history to >350 m.y. (e.g., Burchfiel et al., 1992) (Fig. 1) . Rates of deformation in current mobile belts are commonly 5-15 mm/yr; i.e., 10%-20% of the main plate boundary rates as indicated by distributed seismicity, precision global positioning system (GPS) measurements, and geological studies.
The long geological histories of deformation suggest that these mobile belts exhibit long-term lithosphere weakness compared to cratons. In contrast, the Precambrian cratons and stable platforms have exhibited little internal deformation over long geological periods. They have some characteristic that allows them to maintain an especially thick strong lithosphere, such as a more refractory mantle composition (Jordan, 1978; Forte and Perry, 2000) . The reason for the long histories of tectonic activity in the mobile belts has not been clear. Also, most continental mobile belts have high elevation; they are mountain belts. Surprisingly, however, there is commonly no crustal thickening. In this article, we emphasize the important distinction between long-lived mobile mountain belts where the elevation is mainly thermally-supported and short-lived continent or terrane collision orogenies where there is major crustal shortening and thickening.
Plate tectonics provides an elegant explanation for orogenic crustal shortening and thickening in terms of continental or terrane collision when an ocean closes. However, an important question remains unresolved that we attempt to address: What is the origin of the heat of orogeny? Significant heat from frictional deformation processes has been discounted through studies by a number of authors, and most other orogenic processes should absorb rather than generate heat. In this study, we examine the hypotheses that (1) most mobile belts are located in backarcs or recent backarcs that are characterized by hot, thin, and weak lithospheres; and (2) most continent or terrane collision orogenic belts involve shortening of former hot backarc mobile belts. We do not discuss less common weakening mechanisms that subsequently may be reactivated in collision, such as localized extension and hotspots.
BACKARC THERMAL STRUCTURE
Why are mobile belt regions so weak and why are cratons so strong for long geological periods? The primary reason appears to be that the mobile belts are hot, whereas cratons are cold (e.g., Vitorello and Pollack, 1980; Chapman and Furlong, 1992) , and, below the upper crust brittle zone, there is a strong decrease in strength with increasing temperature. The systematic decrease in heat flow with age, or time since the last thermotectonic event, has been well recognized. The greatest difference is between the currently active mobile belts (70-90 mW/m 2 ) compared to the cratons (~40 mW/m 2 ) (e.g., Chapman and Furlong, 1992; Vitorello and Pollack, 1980) . Temperatures at the base of the crust are ~400 °C lower for cold cratons compared to young, hot mobile belts (i.e., 400-500 °C vs. 800-900 °C, respectively). Although only the coolest case of cratons is discussed here, Paleozoic stable areas are only slightly warmer than Archean cratons and are estimated to be almost as strong. As an example, Figure 2 shows temperature estimates for the Canadian Cordillera mobile belt compared to the adjacent Canadian Shield (Hyndman and Lewis, 1999; Lewis et al., 2003) . With these thermal estimates, the base of the mobile belt lithosphere (hot enough for vigorous convection, close to the solidus) is at a depth of only 50-60 km. The mobile belt high temperatures and thin lithospheres also are inferred from many other deep temperature indicators, including temperaturedependent uppermost mantle seismic properties (Moho refraction velocity, Pn, tomography compression and shear wave velocities, V p and V s , and attenuation, Q), effective elastic thickness, Te, thermally-supported high elevations, seismic estimates of lithosphere thickness, and upper mantle xenoliths. The high temperatures of current mobile belts are also indicated by widespread sporadic Cenozoic basaltic volcanism, in contrast to the almost complete absence of recent volcanism in cratons and stable platforms. The same indicators of temperature show the lithospheres of cratons to be cold and >200 km thick.
We have carried out a global survey of continental backarcs, and, in all cases where there is sufficient data, we have found surprisingly high and uniform temperatures across wide zones, indicated by heat flow and other deep temperature constraints (also see Currie, 1 GSA Data Repository Item 2005030, Table DR1 , notes, and references for Figure 4 , is available on request from Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301-9140, USA, editing@geosociety.org, or at www.geosociety.org/pubs/ft2004.htm.
2004). It is well recognized that extensional backarcs are hot (e.g., Wiens and Smith, 2003) , including the Basin and Range and extensional west Pacific backarc basins. In these regions, rifting and spreading are obvious sources of heat. We therefore focus on nine backarcs where we conclude that there is no current or recent thermally significant extension in the region, as indicated by GPS, seismicity, or geological studies (Fig. 3) . Our areas are all more than 100 km from such extension; Morgan (1983) showed that the thermal effects of rifts extend only a short distance. The thermal effect of extension decays with a time constant of ~50 m.y., so we have also excluded areas with significant mid-late Cenozoic extension.
We summarize the two principal indicators of high temperatures in Figure  4 (for details and references, see the GSA Data Repository 1 ): (1) surface heat flow greater than ~70 mW/m 2 (for normal upper crust heat generation of 1.0-1.5 W/m 3 ) (e.g., Lewis et al., 2003; Chapman and Furlong, 1992) ; and (2) low seismic velocities in the upper mantle (i.e., Pn velocities <7.9 km/s compared to ~8.2 km/s for cratons) (e.g., Black and Braile, 1982; Lewis et al., 2003) or seismic tomography velocities lower than the global average by at least 2% for P-waves or 4% for S-waves (~4% and ~7% slower relative to cratons) (e.g., Goes et al., 2000; Goes and van der Lee, 2002 ). Temperature appears to be the dominant control of mantle velocity; the effects of composition, partial melt, anisotropy, etc., usually are much smaller (e.g., Goes et al., 2000; Wiens and Smith, 2003) .
We include one oceanic backarc (Bering Sea) and one former continental backarc (the northern Canadian Cordillera that was cut off by transform faulting in the Eocene) that give very similar thermal results to the current continental backarcs. The heat flow averages range from 70 to 85 mW/m2; Pn velocities are low, 7.8-7.9 km/s, and seismic tomography velocities are low, consistent with high lithosphere temperatures (i.e., ~800 °C at the Moho). There are also only small variations in heat flow and in the other indicators of deep temperatures across the backarcs. All of the other backarcs we have examined show evidence that they are hot, although they provide less information. It is well recognized that an active volcanic arc requires high temperatures (~1200 °C) in the underlying mantle wedge at a depth of ~100 km; however, we find that the high lithosphere temperatures extend across the whole backarc, even where there is no extension.
ELEVATION OF MOBILE BELTS
An important attribute of most continental mobile belts that indicates they are hot is high elevation. They are mountain belts. This elevation is usually in spite of relatively thin crust. For example, very little of the North America Cordillera has a crustal thickness greater than ~35 km Perry et al., 2002) , but elevations are commonly ~1500 m. In contrast, cratons have elevations usually near sea level and average crustal thicknesses of ~40 km. Only in a few mountain belt regions of unusually high elevation and tectonic crustal thickening, such as Tibet, the central part of the Andes, and part of the Alps, is there thick crust. We argue that high elevations therefore provide a simple first order mapping association for hot, thin lithosphere.
Mobile belts are inferred to be in isostatic balance, in spite of the combination of high elevation and thin crust, because there is thermal expansion and density reduction to a depth of several hundred km relative to stable cratonic and platform areas. The effect of crust and upper mantle temperature on elevation has been discussed in detail by Lachenbruch and Morgan (1990) . In a simple approximation, the density change due to a 200 °C average temperature difference to a depth of 150 km and a coefficient of thermal expansion of 3.5 × 10−5 per °C will approximately balance an elevation difference of 1 km or a crustal thickness difference of ~7 km (e.g., Lachenbruch and Morgan, 1990; Hyndman and Lewis, 1999) .
CONVECTION MODEL FOR BACKARCS AND THE ROLE OF WATER
An explanation for why most mobile belts are hot is that they are all in backarcs or recent backarcs, and all backarcs are hot, as discussed above. The high temperatures are likely due to rapid upward convective heat transfer beneath thin lithospheres (e.g., Hasebe et al., 1970) . We show a schematic convection model in Figure 5 , along with the heat flow across the southern Canadian Cordillera from the trench to the craton. Most models of backarc convection have assumed that the circulation is driven by the traction and thermal effects of the downgoing oceanic plate. However, it has proved difficult to produce uniform high heat flow across the backarc with such models, and regional small-scale convection seems to be required ; see also Nyblade and Pollack, 1993) . To maintain the high backarc heat flow, convection must be vigorous, with flow rates faster than relative plate rates (e.g., Currie et al., 2004) .
In a few continental areas such as the Basin and Range, present or recent crustal extension has an additional thermal effect (e.g., Lachenbruch and Sass, 1977) . Similarly, in the areas of oceanic backarcs where extension is occurring, it is difficult to separate the thermal effect of extension from that of convective heat transport in the underlying shallow asthenosphere. However, Watanabe et al. (1977) suggested that even in these basins, small-scale convection is needed to explain the thin lithospheres and the high heat flow asymptote for long times after the basins opened.
An explanation for shallow vigorous convection beneath backarc lithospheres is that, in addition to high temperatures, the mantle viscosity is lowered by incorporation of water expelled from the underlying subducting oceanic plate (e.g., Dixon et al., 2004; Honda and Saito, 2003) . The amount of water supplied is estimated to be very large (e.g., Peacock, 1993) . The backarc convection system is poorly understood, but vigorous convection may mix the water throughout the whole wedge. Mantle rocks containing small amounts of water in the mineral structure (>50 ppm) have a substantially lower effective viscosity than dry mantle rocks (e.g., Karato and Wu, 1993) . Dixon et al. (2004) summarized the evidence for very low mantle viscosity beneath the Cordillera (former backarc) of the western United States and concluded that such low viscosities require significant water in the upper mantle, as well as high temperatures that are close to the solidus. They also argue that the observed very low shearwave velocities in the upper mantle from seismic tomography require water as well as high temperatures.
In areas where the landward boundary of the backarc is a craton or old platform, the asthenosphere convection may be limited by thick, refractory craton lithosphere. However, the original craton rifting and associated asthenosphere upwelling may have extended and heated a considerable width of the margin of the craton or platform. This would have allowed subsequent backarc thermal convection to continue beneath the thinned region to the edge of the unextended craton lithosphere. The backarc also may be widened by the addition of accreted terranes, such as in western North America.
LITHOSPHERE STRENGTH OF BACKARC MOBILE BELTS
Lithosphere strength is expected to be the primary control on the nature of deformation processes. Lithosphere strength increases with depth in the shallow frictional regime, but at greater depths where there is ductile deformation, temperature and composition (especially crust vs. mantle) are the most important controls (e.g., Ranalli, 1995) , so strength decreases with depth. A representative example of the strength of the lithosphere as a function of depth in a high temperature mobile belt and low temperature craton is shown in Figure 6 (top) for the Canadian Cordillera and adjacent Canadian Shield (see Flück et al., 2003; Lewis et al., 2003) . In this simple model, the upper crust follows the Byerlees Law criteria for brittle failure (e.g., Ranalli, 1995) with hydrostatic pore pressure (e.g., Townend and Zoback, 2000) , and deformation at greater depths follows power law creep (Karato and Wu, 1993) at a common plate boundary deformation rate of ~10 −15 s −1 . The upper crust has the rheology of granite, the lower crust of diabase, and the mantle of olivine (e.g., Ranalli, 1995) . The much thinner and weaker lithosphere predicted for backarcs compared to cratons is clear.
The total strength of the lithosphere may be estimated by integrating the strength over depth (Fig. 6, bottom) . Wet and dry refer to the laboratory rheologies that may apply to backarc mobile belts and cratons, respectively. The combined crustal and mantle lithosphere strength for backarc mobile belts is at least a factor of 10 less than for cold cratons. The mobile belt lithosphere strengths of <5 × 10 12 N/m are within the range suggested for plate tectonic forces and the gravitational potential of mountain belts of 1-10 × 10 12 N/m (Lynch and Morgan, 1987; Whittakaer et al., 1992; Zoback et al., 2002) . In contrast, craton lithospheres are too strong to be readily deformed. Alternatively, if one fixes the plate boundary forces at the estimated values, the calculated strain rates for backarc mobile belts are in the range observed for plate boundaries and are very small for stable cratons and platforms (Zoback et al., 2002) . This large difference in lithosphere strength between hot backarcs and cold cratons should play a major role in subsequent orogenic deformation. Also, most backarc mobile belts are hot enough for the lower crust to be very weak and to allow lower crust detachment (Fig. 6, top) .
DURATION OF HIGH TEMPERATURES IN MOBILE BELTS
There must be a finite life to the high temperatures in backarc mobile belts after the source of heat is removed, since most past mobile belts active in the Paleozoic or earlier no longer exhibit the characteristic high lithosphere temperatures. In the backarc convection model, the vigorous free convection should decline rapidly following the termination of subduction and the loss of water as a flux for convection. Although the processes involved are undoubtedly complex, lithosphere cooling and thickening are probably conductive following the increase in upper mantle viscosity due to water loss through partitioning into arc and backarc melt fractions and through upward diffusion.
The cooling time constant may be estimated from compilations of heat flow (and inferred lithosphere temperatures) versus age of the last thermotectonic event (e.g., Chapman and Furlong, 1992; Pollack et al., 1993; Chapman and Pollack, 1975; Pavlenkova, 1996; Artemieva and Mooney, 2001) (Fig. 7) . The thermotectonic age is assumed to correspond approximately to the time since termination of subduction and therefore of water input. Most of the rapid decrease in heat flow appears to be in the several hundred m.y. following the last thermotectonic event. A similar cooling and lithosphere thickening time is suggested by several examples. The Appalachian mobile belt, with its last significant deformation ca. 300 Ma, is now cool and stable. Although heat flow and other thermal data suggest that it is still somewhat warmer than the cratons (e.g., Pollack et al., 1993) , the difference may be primarily due to greater upper crust heat generation (Mareschal and Jaupart, 2004 ). In contrast, the northern Canadian Cordillera, where margin subduction was cut off by the Queen Charlotte transform fault in the Eocene, has high heat flow and inferred deep temperatures (Lewis et al., 2003) , similar to currently active backarcs (Fig. 4) .
To illustrate the cooling, we have used a simple conductive model with an initial ~50-km-thick backarc lithosphere and an underlying adiabatic asthenosphere (Currie, 2004) (Fig. 7) . This model is the limiting case of abrupt termination of convection to a depth of 250 km (approximate thickness of craton lithosphere) at the time of termination of subduction. Variations with depth of thermal properties and heat generation are included (e.g., Lewis et al., 2003) . The addition of the effect of erosion of the high-radioactivity upper crust would give a somewhat lower heat flow at long times (Fig. 7) . We also recognize that the thermotectonic age used in the heat flow data plot (peak regional metamorphism, major orogenic plutonism, etc.) is not precisely the same as the age of termination of subduction. However, the heat flow as a function of age predicted by the model is in good agreement with that observed (Fig. 7) , which suggests that the termination of free convection occurs less than a few tens of millions of years after subduction stops.
CONTINENTAL COLLISION AND OROGENIC HEAT
Recognizing that most continental or terrane collisions inherit preexisting hot, weak backarcs may provide a resolution to the long-standing problem of the origin of the heat of orogeny (e.g., Loosveld and Etheridge, 1990; Jamieson et al., 1998; Thompson et al., 2001; Vanderhaeghe and Teyssier, 2001; Collins, 2002) . High temperatures are a defining feature of orogenic belts, as inferred from widespread granitic plutonism, high temperature regional metamorphism, and ductile deformation at mid-crustal depths. Often, the heat and high temperatures are simply ascribed to orogenic heating without reference to the mechanism. In fact, most orogenic processes should absorb heat.
We discuss only continent or terrane collision orogeny where the backarc is continental. Some backarcs are primarily oceanic and may be largely consumed by subduction during closure. Two main sources of heat have been previously proposed. The first ascribes high temperatures to backarc extension prior to collision. This explanation has the problem that the extension must occur less than 50 m.y. before the collision orogeny for the heat not to have decayed. Also, Thompson et al. (2001) argue that there must be thinning of the mantle lithosphere with little thinning of the crust to explain the inferred crustal thicknesses following collision. The second proposed heat source is high radioactive heat generation rocks emplaced in the lower crust during the shortening. This explanation has the problem that it results in maximum temperatures 50-100 m.y. after collision, whereas peak metamorphic assemblages are commonly argued to be synchronous with thickening (e.g., Thompson et al., 2001; Collins, 2002) . This delayed heating also does not explain how shortening and thickening can be initiated in cold, strong lithosphere prior to the heating. We suggest that hot and thin former backarc lithosphere is commonly the primary locus of shortening (i.e., the vise or inherited weakness model; Ellis et al., 1998; Thompson et al., 2001; Collins, 2002) . The orogenic heat comes from the preexisting hot backarc, not from the orogenic process itself.
The high temperature backarc thermal regime and inferred lithosphere strength model also provide insight into the initial development of backarc shortening in continental collision. Initial shortening and crustal thickening appear to be concentrated at the leading and trailing edges of the mobile belt. In the example of the collision of the Yakutat terrane in the Gulf of Alaska ca. 5 Ma, there has been strong shortening in the coastal collision zone and again in the Mackenzie Mountains of the eastern Cordillera. There has been little shortening in the intervening central Cordillera, and the crust remains thin (32-35 km thick) (e.g., Mazzotti and Hyndman, 2002) (Fig. 8) . The backarc lower crust detachment must be sufficiently weak to transfer the collision stress to the weak foreland fold and thrust belt, even though the Cordilleran lithosphere is very thin. In contractional orogens, it has been argued that a through-going basal detachment in the lower crust separates the entire crustal section from the underlying lithosphere (Oldow et al., 1990) . If this is correct for backarc mobile belts, thrust faults, transcurrent faults, and extension normal faulting are restricted to the overlying detached crustal section. Lower crust detachments seem necessary to explain the common characteristics of foreland fold and thrust belts where the upper mobile belt crust is thrust over the stable craton or platform (e.g., the northern Canadian Cordillera; Mazzotti and Hyndman, 2002) and the Andes of central South America (Hindle et al., 2002) . With further shortening, the high temperatures allow the crust of the whole backarc to be thickened to >50 km, such as for the Altiplano of the South America Cordillera, for Tibet, and perhaps for the Laramide orogeny of western North America. This thickening may be associated with lower crust ductile thickening and extrusion (e.g., Bird, 1991; Meissner and Mooney, 1998) .
CONCLUSIONS
The main conclusions of this work are (1) Continental mobile mountain belts exhibit long-term weakness compared to cratons and stable platforms. Mobile belts deform readily because they are hot and weak enough to be deformed by forces of the magnitude transmitted from plate boundaries. (2) Most mobile belts are hot and weak because they are, or recently were, located in backarcs. They may be hot because of shallow asthenosphere convection, facilitated by water from the underlying subducting slab. (3) Continental collision orogenic shortening is expected to be concentrated in former backarc mobile belts that are much weaker than the adjacent stable areas. The preexisting or inherited high temperatures provide an explanation for widespread orogenic plutonism, high temperature regional metamorphism, and ductile crustal deformation. Backarc and subsequent orogenic belt temperatures may be high enough for lower crust detachment that decouples complex surface tectonics from the uppermost mantle and for lower crustal flow.
